Plectonema boryanum, a filamentous blue-green alga, was cloned and then allowed to reach a steady state in a quasi-continuous culture in the presence of the algal virus, LPP-1. The culture was maintained for a 3.5-month period during which time at least four distinct culture lysings were evident. After the fourth lysis the culture reached a steady-state level which was identical in its algal concentration to the preinfection level. Upon testing the characteristics of the evolved alga and virus variants, the following was determined: cell variants resistant to both the original virus and the derived virus had evolved, and there was no evidence of lysogeny present among these cells. The evolved virus strains still grew on the parental algal strain, though with altered plaque morphology. Furthermore, they were antigenically similar to the parental virus, and showed no significant difference in adsorption rate or growth characteristics on parental cells. However, a low-grade chronic viral infection persisted in the culture. Rapid re-establishment of a dense, stable culture is apparently the normal laboratory response of a procaryotic cell-virus system. LPP-1 is the first discovered algal virus, isolated by R. Safferman in 1963 (19) . It infects three closely related species of blue-green algae, which have been classified by F. Drouet into a single species, Schizothrix calcicola, the most prevalent blue-green alga on earth (22) . Furthermore, LPP viral types are evidently a widely distributed virus group, having been isolated repeatedly in America (8, 22, 23) , Israel (14) , India (26) , and Scotland (3) , from algaerich environments such as waste-stabilization ponds as well as less eutrophic lakes and rivers. Furthermore, they represent a stable population inasmuch as they can be re-isolated over a period of many months at the same location (14, 22) . Their presence is correlated with the extent of cultural pollution (24) .
Although the host species are ubiquitous in eutrophic waters, they are rarely found as the dominant alga (22) . Furthermore, it is only with difficulty that these species can be found at all in environments containing established LPP-1 populations (14, 24) . Thus, one might presume that LPP-type viruses are in dynamic equilibrium with their host in eutrophic waters, serving an important function as a natural algal control. Algal viruses therefore offer hope for both the understanding and the control of algal bloom populations (2, 15, 18) .
The infectious cycle (25) , virion morphology (4, 5, 11, 12) , and photosynthetic needs of LPP-1 (13) have been worked out in detail.
Furthermore, blue-green algal virus epidemics have been simulated (8, 20) . However, no studies on the population dynamics of the virus and alga have been published.
The present paper describes an experiment to simulate the natural interaction of LPP-1 and Plectonema boryanum. We have looked at the long-term characteristics pf a quasi-continuous, infected algal culture.
Similar experiments have been reported for a bacteriophage-bacterium system (7, 17) . Wide fluctuations in Escherichia coli concentration and either T3 or T4 concentration were followed after 20 to 40 h (T4) or 500 to 700 h (T3) by a stable phase in which bacterial concentration returned to the pre-infection value, but lowgrade, chronic viral growth continued. This stability did not end in 50 to 80 weeks. Similar results are found in our system. (22 C) on an Eberbach reciprocal shaker to which virus had been added. Usually, a 30-ml algal culture in a 250-ml Erlenmeyer flask was used with a multiplicity of infection much less than 1. One-step growth experiments. Virus was allowed to absorb for 60 min in a 10-ml algal culture in a shaken flask (multiplicity of infection <0.001 phage per cell), and then treated with antiserum for 30 min. The culture was then diluted in growth medium to 500, and to 5, infected cells per milliliter. Periodic assays of both dilutions were made. The source of cells for these one-step growth experiments proved to be important, as there was a loss of PFU in physiologically "young" cultures. Therefore, the host cells were taken from established cultures of over 108 cells/ml.
MATERIALS AND METHODS

RESULTS
Quasi-continuous algal culture. Under the growth conditions described earlier, our Plectonema cultures have doubling times of about 10 h at cell concentrations in the 106 to 107 cell/ml range. By diluting 1.5-fold each 24 h (corresponding to a continuous dilution rate of 0.0167 h-1), the culture was forced to stabilize at a doubling time of 41 h, the concentration stabilizing at 8 x 107 cells/ml. The 1.5-fold dilution was achieved by a daily removal of 33 ml of the 100-ml culture and addition of 34 ml of fresh growth medium. All assays were administered on the 33-ml portion. The 1-ml difference was to compensate for evaporation. Figure 1 is the result of assays over a 113-day period. The top curve indicates the optical density (OD) at 540 nm and is an indication of cell concentration quantitatively so, when there is little cell lysis present. It is seen that the initial inoculum reached a steady state in about 11 days, given by an OD of 1.6 which corresponds to 8 x 107 cells per ml. The dip at time = -7 days was due to an increase of the culture from 50 to 100 ml by the addition of 50 ml of growth medium; the return to steady state is characteristic of a perturbed system.
Results of LPP-1 infection. A small volume of cloned LPP-1 r+ (parental) phage was added to the stabilized culture (time = 0 days in Fig.  1 ). The culture went through distinct lysings, of which four can be detected by a simultaneous examination of the three top curves in Fig. 1 The initial wide fluctuations in titer smoothed out by the third lysis, and eventually stabilized at about 101 PFU/ml. There was a gradual decrease, but this was not as fast as the decrease that would ensue if the phage were merely being diluted out without concomitant phage multiplication, as shown by the dashed line. Thus, phage multiplication was going on in the terminal culture. Data on microscopically measured filament concentrations and colony-forming units and mean cells per filament are shown in the bottom two curves. During periods of lysis, filaments are very short due to breakage following random infection and lysis of cells; one to five cell filaments predominate. The bottom curve seems to indicate, however, a several-day delay in fragmentation after lysis. The steady-state culture has about 106 filaments/ml which yields an average filament size of 80 cells/filament.
Periods of lysis were observable microscopically by the shortness of the filaments as well as by the presence of "swollen" cells in the culture; that is, cells rounded up and increased in volume by about one-half. On the other hand, no light-microscopically observable alteration in cell morphology was evident at other times during the course of the experiment.
Characteristics of the derived cells. On 3 of the days during the course of the experiment, 5 to 10 individual colonies from the plates for filament assay were picked and grown up in liquid medium for further examination of their properties, results of which are shown in Table  1 . The 20 cell strains were isolated from the culture on days 4, 32, and 82. The third column shows the results of using these strains as indicator algae for parental LPP-1 viruses. Two of the early strains eventually yielded a low number of plaques (i.e., 2% of phage-formed plaques). By 32 days, only one of five yielded a similar sensitivity; and by 82 days, none of the 10 derived cell strains were sensitive to parental virus. Thus, cell lines resistant to the original virus evolved.
We were aware of the possibility of immunity by lysogeny in the evolved culture, and tested this as shown in column 4 by asking whether a drop of the derived algae would form a lysis spot or ring on a plate freshly inoculated with parental algae. All results were negative. As a partial control, a drop of resistant algae (strain 3 from day 82) to which parental virus had been added was similarly tested and formed a lysis ring.
Four of the cell lines (5th column) were tested negative for their ability to adsorb parental virus, and showed that the block was at the point of adsorption.
Characteristics of the derived phage. previous studies on bacterial virus infection in chemostat culture (7, 17) have combined to stimulate our interest in the long-term characteristics of an infected algal culture. A stable, quasi-continuous algal culture can be maintained with little perturbation using the simple system described here. Although we have used periodic dilution, rather than a strictly continuous culture, we do not believe this affects our conclusions.
Introduction of virus into the culture leads to inversely correlated fluctuations in virus and cell densities for 50 days, including four observable lysing phases. The regrowth of the cells after the first lysis is surprisingly fast. This regrowth can be used, by extrapolation backward, to estimate the concentration of resistant (i.e., viable) cells during the first round of lysis. A rough estimate of 0.3% of the cells on day 4 survive lysis. This is much too high to be a frequency of phage-resistant mutants in the culture (16) , and would seem to indicate that cell viability during the first round of lysis is due to some kind of physiological resistance. When the factor causing this physiological resistance is diluted out, more cells lyse, i.e., the second round of lysis, etc.
We have also seen evidence for a physiological resistance under other conditions: in the occasional observation of ring-centered plaques (Cowlishaw, unpublished data) .
Although the initial resistance may be physiological, genetically resistant algal strains eventually dominate the culture. In the cases studied, this resistance is at the point of adsorption. Even strain 4 from day 32, on which parental phage formed plaques with an efficiency of 2%, did not exhibit detectable adsorption (2% adsorption would not have been detectable by loss of nonsedimentable PFU). The resistance does not seem to be due to lysogenic immunity, if the absence of spontaneously induced virus from the derived cells is any indication.
The derived phage are antigenically similar to the parental phage and still adsorb to and grow in the parental cells with similar burst size and latent period, though with somewhat altered plaque morphology.
Some phage multiplication must be going on in the terminal culture since the phage are not diluted out. One possibility is that some small fraction of the cells has normal sensitivity to the virus population. Based on the assumption that the source of these cells is a constant conversion of resistant cells to sensitive cells, one can write down steady-state equations (9) for the terminal-infected culture using values contained herein for dilution rate, phage adsorption rate, burst size, and terminal concentrations of phage and total cells. Solving these equations, one finds that a conversion of resistant cells to sensitive cells at the rate of 0.004 per generation would be necessary to maintain a population of 106 sensitive cells per ml, which would yield the steady-state phage and cell concentrations observed. Thus, in such a case only one cell out of 80 would be sensitive, and the probability of finding one normal sensitive cell among the 10 strains chosen from the terminal day would be about 12%, suggesting that we would not find one. On the other hand we did find evidence for a more frequent, but less infective, pairing of derived phage and algae. Of the 100 spot tests, 9 showed significant, albeit low-grade, infectivity. The nature of this low-grade infectivity is being explored further.
The study on T3 and T4 in E. coli chemostat cultures indicated the recovery of the bacterial concentration to preinfection levels, after periods of 500 to 700 h, and 20 to 40 h, respectively (7) . Our algal culture recovered in 50 days.
Given the 10-fold slower growth rate of bluegreen algae, the results of our study are certainly analogous to the bacterial studies. M. Home also found: irregular amplitude and frequency of the fluctuations of the pre-steadystate concentrations, many phage-sensitive cells during the pre-steady-state period, the final dominance of phage-resistant cells, persistence of viral infection in the terminal culture characterized by fluctuations of phage concentration of low frequency and amplitude, and the terminal phage being characterized by minute plaque formation, increased latent period and decreased burst size, and serological equivalence to the parental phage (7). Our results are similar in most respects. Thus, it appears to be not unusual for simulated co-evolution of a virus-procaryotic cell system to result in a high cell density, steady-state, terminal culture with a persistent low-grade viral infection.
B. Gromov and S. Kozyakov (6) and E. Padan et al. (16) have both isolated LPP-resistant P. boryanum strains and host range mutants of LPP-1 which could infect the original and mutant hosts. Gromov reports that the resistance is stable (genetic) "but in some cases the limited multiplication of the virus in the culture of r-clones was observed, evidently due to the appearance of sensitive cells." This is reminiscent of the low-grade infectivity present in our experiment.
What are the implications of this study for the understanding and control of natural algal blooms by viral epidemics? In the first place, Padan and Shilo (14) contend that the LPPPlectonema system is also in dynamic equilibrium in natural habitats. The difficulty in recovering host cells from sites of LPP activity may be due to the chance of viral lysis of the cells during attempted isolation. This would seem to be a more appealing hypothesis than that other organisms may serve as LPP "reservoirs" (8) . The multiplication of resistant host cells to dominate the habitat may be discouraged by the presence of other available algal species for bloom production (10) . The apparent infrequency of naturally occurring phage-resistant strains of P. boryanum and viral host range mutants is difficult to understand, however. (See for example, Shane et al. [24] who were able to grow LPP-resistant Plectonema in LPP-containing river water samples, as if no viral host range mutants were present.) Apparently, the potential for genetic warfare between virus and cell is poorly realized in a mixed-species natural habitat where predator-prey interactions are presumably reduced.
The search for an ideal algicide has been extensive (2). The potential for complete viral control is not encouraging on the basis of our results. In our uni-algal system, the eventual return of high algal concentrations has been shown. Nevertheless, in a hetero-algal environment, the lysis of a hypothetical nuisance bloom by appropriate viruses might conceivably be followed by the development of other less troublesome species of blue-greens.
